Abstract: Yield in a semi-crystalline polymer involves the disruption of the crystalline phase in an irreversible deformation process. In a semi-crystalline polymer, the crystalline lamellar regions are bridged together by inter-lamellar amorphous layers, which act as a loading transfer medium. The deformation of both phases is, therefore, to some extent inter-related. In this work we adopted a continuous mechanic approach (neglecting atomic/molecular interactions) of the lamellar deformation of semi-crystalline polymers in the sense that we simulated the mechanical response of a lamellar structure (two lamellae interconnected by amorphous regions) in a finite element analysis. The use of computer simulations allows studying independently the effect of each relevant morphological parameter on the mechanical response. Several simulations were performed considering isolated variations of the following morphological parameters: i) mechanical behaviour of the amorphous material; ii) thickness of the crystalline regions; iii) length of the amorphous regions; iv) number of amorphous regions connected with a crystalline lamella; v) relative angle between the crystalline and the amorphous regions; vi) mode of loading (tension and compression). The thickness of the crystalline lamellae is evidenced as the most significant factor affecting the tensile response of the lamellar structure, followed by the mechanical behaviour of the amorphous phase. The connection angle between amorphous and crystalline regions and the number of amorphous regions bridging adjacent crystalline lamellae play only a minor role. The length of the amorphous regions has a negligible influence. As expected, the lamellar structure shows also distinct behaviours under distinct loading modes, tensile loading showing the highest stresses.
Introduction
Yielding is considered as the onset of irreversible plastic behaviour, leading to a permanent deformation of the material. From an engineering point of view, this could limit the use of a material in an application. The yield point of polymers is dependent upon the loading conditions, such as temperature, strain-rate, pressure and mode of loading (e.g., tensile or compressive) [1, 2] . Macroscopically, yielding is evidenced by the occurrence of a localized necking or the appearance of shear bands. Whitening and crazing may also be observed [3, 4] . At a microscopic scale, yield involves the 1 disruption of the crystalline phase, in an irreversible deformation process. Upon yielding, the spherulitic structure is deformed and eventually destroyed and further transformed into a fibrilar one as the plastic deformation increases [5] . Several microdeformation mechanisms of semi-crystalline polymers have been proposed (cf., e.g., refs. [2,6]) ( Due to the biphasic nature, some yielding occurs in the crystal regions (chain and transverse slip by screw and edge dislocations, mechanical twining and stressinduced martensitic phase transformations), and some other in the amorphous layer (inter-lamellar shear and separation, and lamellar-stack rotation). These crystalline regions are bridged together by tie-molecules (molecular chains directly connecting adjacent lamellae) [7, 8] or by an entangled amorphous network anchored in two crystalline lamellae, both acting as loading transfer elements. The deformation of both phases is, therefore, inter-related to some extent. In fact, some of these microdeformation mechanisms occur concomitantly, and they can be activated under particular conditions. In general terms, the micro-deformation mechanisms taking place in the amorphous phase offer lower resistance than those operating in the crystalline regions [6, 9] . Also, at low strain, the deformation of the amorphous phase network is nearly fully reversible upon removal of the load [6] .
Approaches to yield of semi-crystalline polymers
The yielding of semi-crystalline polymers has been analyzed by different, and sometimes opposed, approaches. It has been considered as a thermally activated rate process described by Eyring's theory of viscous flow [1,2,10] that establishes the strain-rate and temperature dependence of yield stress, σ y . However, the Eyring model does not consider the dependence of σ y upon microstructural parameters.
Adopting a crystal plasticity approach, yield in semi-crystalline polymers was interpreted as the motion of (screw or edge) dislocations through the crystals [11] [12] [13] . This approach allows the prediction of the macroscopic yield behaviour from knowledge of the material morphology (stem length), for constant temperature and strain rate [11] . The dependence of σ y upon the temperature was introduced on the values of the crystalline shear modulus (K) and of the Gibbs free energy for nucleation of dislocations (∆G a ) [12] . Recently, Galeski observed a levelling of the dependence of σ y upon the lamella thickness [9] , which was attributed to the activation of a different source of dislocations (Frank-Read source of generation of dislocations). For low lamella thickness, a screw dislocation travels through the crystal, σ y being linearly proportional to it. But for higher lamella thickness the dislocation line will lock their ends forming a dislocation ring that moves outwards. New rings are continuously generated, in a mechanism that is independent of the crystal size [9] . The (crystal plasticity) dislocation theory predicts the correct order of magnitude of the yield stress.
Yielding has also been regarded as a melting-re-crystallization phenomenon [14] [15] [16] [17] . It has been suggested that at the yield point a partial melting of the crystalline phase occurs, which is followed by a re-crystallization (thickening) process [14] . σ y was, therefore, directly related to the lamella thickness, l c . This means that only crystalline lamellae are important at yield.
Recently, yield was explained by the deformation of a lamellar cluster [7, 17, 18] . This model considers the lamellar clusters as the central structural entity in the deformation behaviour of semi-crystalline polymers [17] . The lamellar cluster is deformed by bending due to the action of active tie-molecules. At yielding its disintegration occurs accompanied by fragmentation of the lamellae. The linear dependence of σ y upon the tie-molecules fraction was explained by the fact that the increase of the number of active tie-molecules reduces the support span of the bending process of the lamellar cluster, this causing the bending stress to fragmentation to increase [17, 18] .
The deformation mechanisms operating in semi-crystalline polymers are complex. Their biphasic nature and structural hierarchy leads to strong amorphous-crystalline interactions and deformations spanning many length scales. Generally, the deformation mechanisms work concomitantly in distinct phases and structural scale levels. This makes the experimental identification of the controlling effects and of the governing morphological parameters rather difficult. In this issue, computer simulations are a very attractive and helpful tool [19, 20] as they allow separate variation of important parameters and an analysis of their individual effects. This contributes to a deeper understanding of the deformation processes of polymeric materials systems.
Modelling approach
In this work we adopted a continuous mechanic approach (neglecting atomic/molecular interactions) of the lamellar deformation of semi-crystalline polymers in the sense that we simulate the mechanical response of a lamellar structure (two lamellae interconnected by an amorphous region) in a finite element analysis (FEA). The use of computer simulations allows studying independently the effect of each relevant morphological parameter on the mechanical response.
A lamellar stack was modelled by a finite-element mesh, as shown in Fig. 2 . The crystalline regions were modelled as two rectangular (plain strain) plates (typical dimensions of 50 x 10 nm) showing an elasto-rigid plastic behaviour (Fig. 3 ). The yield point was defined at a stress of 19 MPa and at a strain of 5% (Poisson ratio of 0.35; these values correspond to typical macroscopic properties of a polyolefin). The crystalline regions were laterally constrained allowing only the vertical motion of their lateral surfaces (see Fig. 2 ). This means that we try to simulate the deformation behaviour of a small constrained lamellar segment within a spherulitic structure. The crystalline lamellae were bridged together by several amorphous regions (typical dimensions of 5 x 10 nm). They represent (in a wide sense) tie-molecules and/or macromolecules, or part of them, anchored in the crystalline phase and wrapped up in the amorphous inter-lamellar layer. Their mechanical behaviour was assumed as rubbery described by a hyper-elastic Mooney-Rivlin model:
where σ is the stress, λ the extension ratio and C 1 and C 2 are material constants. The values of these constitutive parameters were selected in order to have an initial slope of the σ-ε curve for the amorphous material of 1/3 of the crystalline one. The σ-ε curves for both crystalline and amorphous regions are shown in Fig. 3 (values for the reference simulation, see Tab. 1). The crystalline lamellae were symmetrically loaded with a prescribed displacement of 30 nm of magnitude applied on one of the lamellar surfaces opposed to the amorphous regions, as shown in Fig. 2 .
In this study we performed several simulations, considering individual variations of the following morphological parameters: 4 i) mechanical behaviour of the amorphous material (constitutive coefficients C 1 and C 2 of Eq. (1));
ii) thickness of the crystalline regions, l c ;
iii) thickness of the amorphous regions, l a ; iv) number of amorphous regions connecting two crystalline lamellae, N a ; v) relative angle between the crystalline and the amorphous regions, α;
vi) mode of loading (tension and compression).
These parameters were selected and varied (in three and two levels) in order to give a first overview of the eventual morphological factors influencing the yield response of semi-crystalline polymers and their individual contributions. Tab. 1 resumes the variations of the morphological parameters and the simulations performed.
From the simulations we computed the equivalent stress-strain curves (until a maximum strain of 20%) and the equivalent von Mises stress distribution on both phases. The equivalent stresses and strains were calculated at the loading points. l c -thickness of crystalline layer; l a -thickness of amorphous layer; α -angle between crystalline and amorphous blocks; N a -no. of amorphous blocks connecting the crystalline lamella.
Simulation results
Fig . 4 shows the σ-ε curve for the reference conditions together with some equivalent von Mises stress profiles at given strain levels. For the set of input values, the σ-ε curve has a concave shape with no yield point. This may be due to various reasons: a) the strong effect of the amorphous phase behaviour on the deformation event (due to the selected values of the constitutive parameters).
b) at the yield point other deformation modes (e.g., shear, compression) than simple traction of a single lamellar stack (assuming an elasto-plastic and Mooney-Rivlin type of behaviour for the crystalline and amorphous phases, respectively) are responsible for the usual convex shape of the σ-ε curve. This is valid if we assume the tensile deformation of a spherulitic structure [21] [22] [23] : the equatorial lamellae are subjected to tensile loading, the meridional to compression, and at intermediate angles to a mixed loading mode.
c) the inadequacy of the approach to model the mechanical response of semi-crystalline polymers at the yield point.
The corroboration of the first two motives requires performing more simulations and will not be directly addressed in this work. Furthermore, it will be assumed that the proposed approach is valid, at least qualitatively, to model the low-strain deformation of semi-crystalline polymers. This will be better supported in the following. 5 shows the σ-ε curves considering different behaviours of the amorphous phase, obtained by isolated variations of the constitutive parameters C 1 and C 2 (each in three levels). For the studied conditions, an increase on C 1 and C 2 results in higher stress levels, the influence of the latter being higher (this could be attributed to the high value of this parameter). Furthermore, the variations of the stress level with C 2 6 are non-linear whereas they show a linear dependence upon changes of C 1 , as would be expected according to Eq. (1). The physical interpretation of C 1 and C 2 is not straightforward. If C 2 = 0 and C 1 = G/2 (G is the shear modulus), the MooneyRivlin equation is reduced to the Gaussian chain model (G = NkT, N is the number of chain segments in the network per unit volume, k Boltzmann's constant, and T the absolute temperature) [24] . An increase in both C 1 and C 2 may reflect a more entangled amorphous phase (higher entanglement density). The mechanical behaviour of the amorphous phase seems to play an important role on the σ-ε curve [25] . However, the stress distribution on both phases is not substantially affected (Fig. 5) .
Thickness of the crystalline layer (lamella thickness)
The influence of the lamella thickness on the σ-ε curve is presented in Fig. 6 . As expected an increase of l c leads to higher stress levels. For the range of variation of l c , these dependences are linear. From all the considered variables, this is the one with the highest effect on the attained stress level.
0.0E+00 An increase of l c (for a fixed inter-lamellar distance l a ) should result in a higher degree of crystallinity, both morphological parameters being, to some extent, inter-related. The yield stress of semi-crystalline behaviour has been linked to lamella thickness (or rather to the stem length) or to the degree of crystallinity [11] [12] [13] [14] [15] [16] . This is well taken into account by the adopted structural model, qualitatively validating the followed mechanical approach.
For a given strain level the stress distribution in the crystalline phase changes upon variations of l c . For low l c the stresses on the crystalline phase are well limited to localized shear band-like regions (with an X-like shape) just above the connecting amorphous regions. But for higher l c values the stress is distributed over a larger crystalline surface (with an hour-glass shape), even larger than the area of anchored amorphous regions. The stress distribution on the crystalline phase is largely influ-8 enced by its thickness, whereas the amorphous regions remain loaded with similar stress levels. Fig. 7 presents the influence of the thickness of the amorphous layer (inter-lamellar distance) on the σ-ε curve. The contribution of this variable to the stress level is almost insignificant. However, the concavity of the σ-ε curve is slightly affected: a lower l a makes this curve more concave. For the considered lamellar stack model (Fig. 2) , an increase of l a , keeping l c constant, increases the long period and reduces the degree of crystallinity. The yield stress seems not to be significantly and directly affected by these morphological parameters. 
Thickness of the amorphous layer

Angle between crystalline and amorphous blocks
This parameter was only changed in two levels due to instabilities of the FEA solution: two angles between crystalline and amorphous phases, α = 90° (reference condition) and 80°, were chosen. This latter simulation showed problems with respect to the convergence of calculation, translated by a higher computation time (a finer mesh will eventually lead to better results but longer computation times). The σ-ε curves are shown in Fig. 8 . The decrease of α reduces the overall stress level. The stress distribution on a crystalline lamella becomes non-symmetrical and unevenly distributed in the connecting amorphous regions. There is no experimental evidence that tie molecules connecting adjacent lamellae are at right angles with respect to them. Nevertheless, an intermediate rigid amorphous phase (RAP) with straight chain segments oriented in the fibre axis direction has been proposed to establish relationships between the morphological parameters and the mechanical behaviour of spun poly(ethylene terephthalate) (PET) fibres [26] . This case will be closely related to the simulation assuming an angle of α = 90°. Fig. 9 shows the influence of the number of amorphous blocks connecting the adjacent lamellae, N a , on the σ-ε curve. The increment of N a slightly increases the stress level. Nevertheless, this appears to be a secondary mechanism. It has been proposed that the number of tie-molecules connecting adjacent lamellae is a less important morphological parameter (e.g., compared to the properties and deformation behaviour of the amorphous network) [25] . An increasing number of taught tie-molecules was also found to have a minor influence on the σ-ε curve [26] . However, the number of tie-molecules (or rather the distance between active tie molecules) has also been considered as an important structural parameter determining the yield stress level, with the same significance as the lamellar cluster thickness [17] . Our results point to a lower importance of the number of amorphous blocks connecting adjacent lamellae.
Number of amorphous blocks
The stress level on the crystalline regions between the amorphous regions is always very low, compared with the stress level near the connecting amorphous blocks. It is expected that the selection of distinct boundary conditions (e.g., a non co-linear force-amorphous block configuration) will not significantly affect the results because the higher stress levels are always close to the loading zones (at the connections between lamella and amorphous blocks). This will only imply a lower span of the amorphous regions (as observed in Fig. 9 ) and, therefore, only small variations of σ y .
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Mode of loading
The effect of the loading mode (tensile and compression) on the σ-ε curves is presented in Fig. 10 . Polymeric material systems show a marked influence of their mechanical response upon the loading mode, as evidenced in the simulation results. This may be, in part, attributed to a distinct loading mode and stress sensitivity of the structure. Surprisingly, the shape of the σ-ε curve is different in the two modes: in the tensile mode it shows a slightly concave form, whilst in the compression mode it is notably convex. Furthermore, tensile loading shows much higher stress levels. When a regular spherulite is subject to tensile loading (in vertical direction), the equatorial zones develop a tensile stress state whereas the meridional ones are compressed [2] . This means that the lamellar stacks are differently loaded depending on their position inside the spherulite, all contributing to the overall mechanical response. For the initial small strain levels, the contribution to the σ-ε curve was found to be larger in the equatorial than in the meridional zones [18] . This is well corroborated by our model approach. Fig. 11 (see next page) compares the stress values for strains of 5% and 20% for the various performed simulations. The thickness of the crystalline lamellae and the mechanical behaviour of the amorphous phase are evidenced as the most significant factors affecting the tensile response of the lamellar structure. They are followed, with much lower importance, by the angle of connection between amorphous and crystalline regions and the number of amorphous regions bridging adjacent crystalline lamellae. The length of the amorphous regions has a negligible influence. As expected, the lamellar structure shows also distinct behaviours under distinct loading modes. The obtained results are encouraging, and this continuous mechanics approach reveals a potential that shall be further explored as it can give a better understanding of the mechanical behaviour of structured polymers. Future work will include the effect of different properties of both amorphous and crystalline phases on the σ-ε curves. This approach will also be extended to study the deformation on other structural scale levels (e.g., spherulites). 
Concluding remarks
